Intestinal epithelial cells (IECs), an important barrier to gut microbiota, are subject to low oxygen tension, particularly during intestinal inflammation. Hypoxia inducible factor-1a (HIF-1a) is expressed highly in the inflamed mucosa of inflammatory bowel disease (IBD) and functions as a key regulator in maintenance of intestinal homeostasis. However, how IECderived HIF-1a regulates intestinal immune responses in IBD is still not understood completely. We report here that the expression of HIF-1a and IL-33 was increased significantly in the inflamed mucosa of IBD patients as well as mice with colitis induced by dextran sulphate sodium (DSS). The levels of interleukin (IL)233 were correlated positively with that of HIF-1a. A HIF-1a-interacting element was identified in the promoter region of IL-33, indicating that HIF-1a activity regulates IL-33 expression. Furthermore, tumour necrosis factor (TNF) facilitated the HIF-1a-dependent IL-33 expression in IEC. Our data thus demonstrate that HIF-1a-dependent IL-33 in IEC functions as a regulatory cytokine in inflamed mucosa of IBD, thereby regulating the intestinal inflammation and maintaining mucosal homeostasis.
Introduction
Inflammatory bowel diseases (IBD), encompassing Crohn's disease (CD) and ulcerative colitis (UC), are considered as chronic relapsing inflammation of the intestine. The massive inflammatory cell infiltration and excessive immune responses have been shown as the hallmarks in intestinal mucosal immunopathology [1] [2] [3] . Imbalance of regulatory T cells (T reg ) and effector T cells (T eff ), including T helper type 1 (Th1), Th17 and Th2 cells, has been reported to exacerbate inflammatory damage in gut mucosa of CD and UC, respectively [4, 5] . Moreover, the changes of intestinal microenvironment also contribute to the development of intestinal inflammation. Such changes may induce intestinal mucosal hypoxia, a reduction in oxygen delivery below tissue demand, which has been demonstrated as one of the pathophysiological characteristics of IBD. Under these conditions, hypoxia regulates a subset of genes that trigger the metabolic or oxygen delivery pathways to adapt the organs to oxygen deprivation. Such hypoxia-dependent regulation is mediated by the heterodimeric nuclear transcription factor, hypoxia inducible factor (HIF), which consists of an oxygen-sensitive a-subunit (including three isoforms HIF1a, HIF-2a, HIF-3a) and a constitutively expressed bsubunit [6] [7] [8] . This heterodimer then binds to hypoxic response elements (HREs) of target genes, leading to a series of reactions to hypoxia, such as alterations in energy metabolism and angiogenesis [9] .
It has been shown that HIF-1a expression is increased in the inflamed mucosa of IBD, which is regulated by various inflammatory stimuli, such as proinflammatory cytokines and lipopolysaccharide (LPS) [10] [11] [12] [13] . Tumour necrosis factor (TNF), one of the critical proinflammatory cytokines in the inflammatory microenvironment in the intestine of IBD, has been observed to induce the expression of HIF-1a under normal oxygen [14] . Recently, the pleiotrophic roles of HIF-1a in regulating mucosal immune responses in the intestine have also been reported. Interleukin (IL)-33 is a member of the IL-1 cytokine family [15] , produced mainly by non-haematopoietic cells, including intestinal epithelial cells (IEC) and fibroblasts. IL-33 exerts its biological effects by binding its receptor suppression of tumorigenicity 2 (ST2), an IL-1 receptor-related protein. The IL-33-ST2 axis has been implicated in the pathogenesis of several autoimmune diseases, such as rheumatoid arthritis, asthma and IBD [16, 17] . Primarily, the functions of IL-33 in the regulation of intestinal immune responses are to promote the Th2-associated immune response via driving the production of Th2-related cytokines (e.g. IL-5, IL-13) [18] . However, several recent studies have demonstrated that IL-33 also prevents intestinal inflammation through the promotion of T reg and alternative activated macrophage (i.e. M2) differentiation in mice [19] [20] [21] . In addition, IL-33-dependent group 2 innate lymphoid cells (ILC2) protect the intestinal barrier and ameliorate intestinal inflammation in an amphiregulin-dependent manner [22] . Taken together, these data suggest that IL-33 regulates intestinal immune responses and may play an important role in maintaining homeostasis in the intestines.
It has been reported that expression of HIF-1a and IL-33 is increased in the inflamed mucosa of patients with IBD [15, 16, 23] , and that IL-33 can be released by necrotic IECs when subjected to inflammation and injury [24] . Tissue hypoxia can serve as an initial manifestation of organism injury, particularly in intestinal mucosal inflammation. However, whether or not the increased HIF1a directly influences IL-33 expression in the intestines remains to be elucidated. Furthermore, although TNF upregulates both HIF-1a [14] and IL-33 [25] expression in inflamed mucosa of IBD patients, the mechanisms involved are still largely undefined. In this study, we demonstrated that HIF-1a targets the IL-33 gene directly and promotes IL-33 expression in IEC. TNF also induces IL-33 expression in inflamed mucosa of IBD in an HIF-1a-dependent manner. Our data thus indicate that HIF-1a maintains the homeostasis of intestinal mucosa via the induction of IL-33 expression in IEC.
Materials and methods

Patients
Colonic biopsies were collected from patients with active CD (A-CD, n 5 18), patients with active UC (A-UC, n 5 16), CD patients in remission (R-CD, n 5 14), UC patients in remission (R-UC, n 5 15) and healthy donors (n 5 13) during colonoscopy. All patients were recruited at the Department of Gastroenterology, the Shanghai Tenth People's Hospital (Shanghai, China). The diagnosis of CD or UC was based on clinical, radiological, endoscopic examination and histological findings. The baseline characteristics, including disease categories, duration of the disease and medical history, are described in Table 1 . The severity of disease was evaluated according to international standard criteria such as Crohn's Disease Activity Index (CDAI) for the diagnosis of CD patients and Mayo scores for UC patients. All studies were approved by the Institutional Review Board for Clinical Research of the Shanghai Tenth People's Hospital, Tongji University. Written informed consent was obtained from all subjects involved in this study. Current therapy  5-aminosalicylates  16  10  5  7  Azathioprine  5  3  1  2  Corticosteroids  7  6  3  6  IFX  10  10  5  0  Disease extent (UC)  E1  5  3  E2  16  10  E3  8  2  Disease location  L1  7  2  L2  14  9  L3  17  3  L4  CRP (mg/l) 33Á8 6 15Á3 3 0 Á9 6 11Á7 2 8 Á7 6 14Á5 2 9 Á3 6 12Á2 CD 5 Crohn's disease; UC 5 ulcerative colitis; IFX5 infliximab; CRP 5 C-reactive protein. [26] , according to the manufacturer's instructions. All patients were monitored weekly during follow-ups and intestinal biopsies were collected at weeks 0 and 12 after the first infusion. The efficacy of IFX therapy was assessed according to the CDAI and mucosal healing by endoscopy, as described previously [27] .
HIF-1a-dependent IL-33 in mucosal homeostasis
Mice and dextran sulphate sodium (DSS)-induced colitis model
Female C57BL/B6 mice were purchased from Shanghai SLAC Laboratory Animal Co. Ltd (Shanghai, China) and maintained under specific pathogen-free (SPF) conditions. DSS-induced acute colitis in mice was performed as described previously [28] . Briefly, 6 2 8-week-old female C57BL/B6 mice (10 mice per group) were given 2% DSS (molecular mass, 36000-50000; MP Biomedicals, LLC, Solon, OH, USA) in drinking water for 7 days, and switched to normal drinking water for an additional 3 days. The mice (10 mice per group) with only drinking water served as control. The severity of inflammation was evaluated by monitoring daily body weight, diarrhoea and bloody stools. Animal experiments in this study were approved by the Institutional Animal Care and Use Committee at Tongji University. 
Antibodies and reagents
Ex-vivo mucosal tissue culture
Fresh colonic inflamed biopsies were obtained from patients with A-CD (n 5 10) and A-UC (n 5 10) during endoscopic examination. The samples (two biopsies/well) were cultured in 1 ml complete RPMI-1640 medium containing 10% fetal bovine serum (FBS), penicillin (100 U/ml) and streptomycin (100 lg/ml) in the presence of 50 lg/ml IFX or control human immunoglobulin (Ig)G (HIg) at 37 C for 24 h. The biopsies were then harvested for further analysis with quantitative real-time-polymerase chain reaction (qRT-PCR).
Isolation of IECs
Fresh IECs were isolated as described previously [29] . Briefly, the colon and caecum were removed from the euthanized mice, cut into small pieces and rinsed thoroughly with cold phosphate-buffered saline (PBS) to remove all debris and blood. The colonic biopsies from patients with IBD obtained during endoscopic examination were washed thoroughly with cold PBS. The colonic tissues were incubated at 378C with shaking for 2 3 20 min in 20 ml Hanks's balanced salt solution without Ca 1 and Mg 1 (Cellgro Mediatech, Manassas, VA, USA), containing 5 mM ethylenediamine tetraacetic acid (EDTA) (SigmaAldrich), 5% FBS and 10 mM HEPES buffer (Cellgro Mediatech). The epithelial layer was then pooled and passed through a 70-lm strainer. The pellet of epithelial cells was resuspended in 4 ml of 20% Percoll-RPMI solution (GE Healthcare, Uppsala, Sweden), layered over 2 ml of 40% Percoll-RPMI solution and centrifuged at 720 g for 20 min at room temperature. IECs were collected from the interphase.
Cell culture
The intestinal epithelial cancer cell line HT-29 [American Type Culture Collection (ATCC), Manassas, VA, USA) was cultured under stimulation with TNF, IL-17A, IFN-g, IL-23, IL-10 and TGF-b (10 ng/ml), respectively, or stimulated with LPS (100 ng/ml), PGN (1 lg/ml), flagellin (100 ng/ ml) and polyI:C (10 lg/ml), respectively, for 24 h. The transcriptional levels of HIF-1a were assessed by qRT-PCR. Moreover, HT-29 cells were also cultured under stimulation with different concentrations of TNF (1, 5, 10, 20, 50 ng/ml) for 24 h or stimulated with TNF (10 ng/ml) for 0, 12, 24 and 48 h, respectively, and the expression of HIF1a mRNA was analysed by qRT-PCR. For HIF-1a overexpressing assay, 1 lM DMOG was added to HT-29 cells as described previously [30] , and the cells were then harvested after 24 h of culture to determine the efficiency of gene over-expression.
HIF-1a small interfering RNA (siRNA) 
RNA extraction and qRT-PCR
Total RNA was isolated from HT-29 cells and colonic tissues using TriZol reagent (Invitrogen), and 400 ng RNA was reverse-transcribed with 5 3 All-In-One RT MasterMix kit (Applied Biological Materials, Inc., Richmond, BC, Canada). qRT-PCR was performed using a SYBR Green PCR kit (TaKaRa, Dalian, China) to quantify the expression of HIF-1a and IL-33. The mRNA expression of HIF1a and IL-33 was relative to human housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The primer sequences of HIF-1a and IL-33 are shown in Table  2 . The relative amount of transcript was analysed using the 2 -DDCT method.
Immunohistochemistry
To localize HIF-1a expression, colonic biopsy specimens were obtained from patients with active CD or UC or healthy donors, fixed in 10% formalin overnight, and embedded in paraffin. The sections were then stained with anti-HIF-1a mAb as a primary antibody, followed by staining with horseradish peroxidase-conjugated anti-IgG (dilution 1 : 400) at room temperature. The colour reaction was developed with 3,3 0 -diaminobenzidine. The sections were counterstained with haematoxylin. As negative controls, sections were treated with isotype-matched mouse IgG1 or PBS instead of primary antibody. The positive cells that were stained with anti-HIF-1a antibody were observed under light microscopy.
Western blot analysis
The total protein of human colonic tissues was isolated through radio-immunoprecipitation assay (RIPA) and phenylmethanesulphonyl fluoride (PMSF, 1 mM). Samples were then resolved on sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) by standard procedures. Immunoblotting was performed with human primary antibodies to HIF-1a, IL-33, P-P38, P-ERK and bactin (Sigma-Aldrich), respectively. Blots were washed and incubated with secondary goat anti-rabbit IgG-horseradish peroxidase antibody (1 : 2000) (Santa Cruz Biotecnology, Inc., Santa Cruz, CA, USA). Finally, labelled bands were detected by enhanced chemiluminescence.
Luciferase reporter assay
Briefly, a 2-kb fragment of the human IL-33 promoter was cloned by PCR to generate IL-33-pGL3 reporters in pGL3-basic vector. HIF-1a transcription factor plasmid (HIF-1a TF) and control plasmid (HIF-1a TF-NC) were constructed for the over-expression of HIF-1a. HIF-1-binding site mutants (Mut.A, Mut.B, Mut.C) were generated by the GeneArt V R Site-Directed Mutagenesis System from Life Technologies (Shanghai, China). HT-29 cells were cotransfected with IL-33-pro (0Á1 lg) and HIF-1a TF (0Á3 lg), pGL3-basic vector (0Á1 lg) and HIF-1a TF (0Á3 lg), IL-33-pro (0Á1 lg) and HIF-1a TF-NC (0Á3 lg), pGL3-basic vector (0Á1 lg) and HIF-1a TF-NC (0Á3 lg), respectively. After 24 h of culture, the cells were lysed and analysed for luciferase activity using the Dual-Luciferase 
Statistical analysis
Data were expressed as mean 6 standard error of the mean (s.e.m.) and statistical analysis was performed using Prism version 5.0 software (Graphpad Software, San Diego, CA, USA). Differences between groups were evaluated by using the unpaired two-tailed Student's t-test. Statistical significance was set at P < 0Á05. Pearson's correlation was used to analyse the correlation of HIF-1a and IL-33 mRNA expression in colonic tissues from IBD patients. 
Results
Highly elevated HIF-1a and IL-33 in inflamed mucosa from patients with IBD
It has been shown that HIF-1a is increased in inflamed mucosa of IBD patients using immunohistochemistry [23] . We first investigated HIF-1a expression in inflamed intestinal mucosa of IBD at the transcriptional and translational levels. As shown in Fig. 1a , the levels of HIF-1a mRNA were up-regulated significantly in inflamed mucosa of both active CD and UC patients compared with normal controls, whereas the expression of HIF-1a was decreased in the intestinal mucosa of CD patients in remission as well as UC patients in remission compared with that in active IBD patients. Western blot analysis confirmed further the increase of HIF-1a in inflamed intestinal mucosa from IBD patients compared with healthy controls (Fig. 1b,c) . To localize HIF-1a-expressing cells in intestinal mucosa, immunohistochemical staining was performed in intestinal biopsies from active IBD patients and healthy donors. There were more HIF-1a-positive cells in inflamed mucosa of patients with IBD compared with normal controls (Fig.  1d-f) .
We also analysed the expression of IL-33 and ST2 in inflamed mucosa from patients with active CD and UC. As shown in Fig. 1g ,h, the mRNA and protein levels of IL-33 and ST2 were increased in inflamed mucosa of patients with active CD and UC compared with healthy controls. However, the mRNA levels of IL-33 and ST2 were decreased in IBD patients in remission. Interestingly, HIF1a expression was correlated positively with IL-33 expression in freshly isolated IECs from IBD patients (R 5 0Á714, P < 0Á001) (Fig. 1i) .
HIF-1a and IL-33 are increased in inflamed mucosa of mice with colitis induced by DSS After confirming the correlation between HIF-1a and IL-33 in inflamed mucosa of patients with IBD, we used an invivo study to determine the levels of HIF-1a and IL-33 in intestinal mucosa from an experimental colitis model. The colitis was induced in mice by administration of 2% DSS in drinking water for 7 days and switched to water for an additional 3 days [28] . The severity of colitis was then assessed according to the changes of weight, colon length and histological scores. As shown in Fig. 2a , significant tissue architecture damage and inflammatory cell infiltration were observed in colonic mucosa from DSS-treated mice. The weight and colon length were decreased while colonic tissue expression of TNF was increased in DSS-treated mice compared with controls (Supporting information, Fig. S1a,b and Fig. S2b) . Consistent with data from IBD patients described above, the expression of HIF-1a and IL-33 was also elevated in inflamed colonic tissues from colitic mice compared with controls (Fig. 2c,d) . The increased activity of HIF-1a was detected in inflamed colon from DSS-treated mice by examining the expression of vascular endothelial growth factor (VEGF), which possesses the target HRE of HIF-1a (Fig. 2e) . In addition, the levels of IL-33 were correlated positively with that of HIF-1a in freshly isolated IECs from DSS-treated mice (R 5 0.8108, P < 0Á01) (Fig. 2f) . These data confirm further that HIF-1a and IL-33 are increased in inflamed mucosa during inflammatory responses, and may play a role in the pathogenesis of intestinal inflammation.
Effects of HIF-1a on IL-33 expression in IECs
Given that the levels of HIF-1a and IL-33 were increased simultaneously in inflamed mucosa from IBD patients and colitic mice, we then sought to investigate whether HIF-1a regulates IL-33 expression directly in IECs. To this end, HT-29 cells were utilized in vitro to examine the effect of HIF-1a on IL-33 expression. As shown in Fig. 3a , HIF-1a enhanced IL-33 expression at the mRNA levels in HT-29 cells, which was up-regulated further by DMOG, a prolyl hydroxylase (PHD) inhibitor. The expression of HIF-1a at protein levels was confirmed by Western blot (Supporting information, Fig. S2b ). We then used si-HIF-1a to silence the expression of HIF-1a. The efficiency of si-HIF-1a transfection was confirmed by its mRNA expression (Supporting information, Fig. S2a ). Silencing of HIF-1a expression resulted in a significant decrease of IL-33 expression in HT-29 cells (Fig. 3b) .
To investigate further whether there are specific HIF-1a DNA binding sites in the promoter region of IL-33, we cotransfected HT-29 cells with pGL3-IL-33 plasmid which contains the IL-33 promoter sequence and the plasmid containing HIF-1a transcription factor. Under HIF-1a over-expression conditions, the luciferase activity was enhanced significantly in HT-29 cells after transfection with pGL3-IL-33 promoter construct compared with controls, suggesting that HIF-1a binds the promoter region of IL-33 and promotes the expression of IL-33. Three putative binding sites were present through the JASPAR CORE database. To investigate whether these sites are essential for IL-33 promoter activation, three mutants (Mut.A, Mut.B, Mut.C) in the IL-33 promoter region were then constructed (Fig. 3c) . The luciferase activity was reduced when transfected with Mut.A but not Mut.B or Mut.C containing pGL3-IL-33 plasmid as compared with the positive control (i.e. pGL3-IL-33 transfection) (Fig. 3c) , indicating that HIF-1a binds effectively to the binding site at 22020 to 22013 in the IL-33 promoter region and regulates its expression.
TNF up-regulates HIF-1a expression through activating nuclear factor (NF)-jB
To investigate which cytokines or bacterial stimuli induce HIF-1a expression in intestinal mucosa of IBD patients, we stimulated HT-29 cells with different cytokines (IFN-g, IL-17A, IL-23, TNF, IL-10, TGF-b) or microbiota stimuli (LPS, PGN, flagellin, polyI:C) in vitro. TNF and LPS, but not other factors tested, induced HIF-1a mRNA expression (Fig. 4a,b) . Furthermore, TNF promoted the HIF-1a expression in a dose-and time-dependent manner (Fig.  4c,d ). To investigate the potential role of TNF in the induction of HIF-1a in vivo, 10 patients with active CD were infused with anti-TNF mAb (5 mg/kg, infliximab, IFX) at weeks 0, 2 and 6. HIF-1a expression was then determined in intestinal mucosa at week 12 after the first infusion. As shown in Fig. 4e , HIF-1a was decreased in intestinal mucosa 12 weeks after IFX therapy compared with that before IFX treatment. Consistently, when freshly isolated biopsies from inflamed mucosa of 10 CD and 10 UC patients were stimulated with IFX or control human IgG (HIg) in vitro, HIF-1a was also decreased after IFX treatment compared with controls (Fig. 4f,g ). These data thereby indicate that TNF is the potent inducer to facilitate HIF-1a expression in IEC.
HIF-1a-dependent IL-33 in mucosal homeostasis
We then investigated the underlying mechanisms of HIF-1a induction by TNF. HT-29 cells were stimulated with TNF in vitro in the presence or absence of inhibitors specific for NF-jB (Bay 11-7082, 1 lM), JNK (SP600125, 10 lM) and anti-Fas antibody (CH-11, 200 ng/ml), respectively. After 24 h of culture, the expression of HIF-1a mRNA was assessed by qRT-PCR. Interestingly, blockage of NF-rB activity with Bay 11-7082 but not SP600125 and CH-11 reduced HIF-1a mRNA expression significantly ( Fig. 4h-j) . Altogether, these results indicated that TNF induces HIF-1a expression through induction of NF-rB activation. Fig. 1. Hypoxia inducible factor-1a (HIF-1a) and interleukin (IL)233 are expressed highly in inflamed mucosa of inflammatory bowel disease (IBD) patients. (a) Relative expression of HIF-1a mRNA in colonic biopsies from healthy controls (HC, n 5 13), inflamed mucosa of patients with active Crohn's disease (CD) (A-CD, n 5 18) and patients with active ulcerative colitis (UC) (A-UC, n 5 16), colonic tissues from CD patients in remission (R-CD, n 5 14) and UC patients in remission (R-UC, n 5 15) was determined by quantitative real-time-polymerase chain reaction (qRT-PCR) and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). *P < 0Á05; **P < 0Á01. (b,c) Western blot analysis of HIF-1a in healthy controls (HC), A-CD and A-UC. The levels of HIF-1a were normalized to the b-actin protein levels. *P < 0Á05 versus HC. 
TNF induces IL-33 expression in an HIF-1a-dependent manner
It has been shown that TNF induces IL-33 and HIF-1a expression in IEC [14, 25] , and our data show further that ectopic expression of HIF-1a enhanced IL-33 expression. We then investigated whether TNF induces IL-33 expression through HIF-1a induction. As shown in Fig. 5a , treatment of HT-29 cells with TNF resulted in an increase of IL-33 mRNA, whereas the presence of YC-1, a HIF-1a inhibitor, decreased IL-33 expression. We then used the specific si-HIF-1a to inhibit HIF-1a expression and verify further the relationship among TNF, HIF-1a and IL-33. Consistently, specific interference of HIF-1a with si-HIF-1a reduced the TNF-induced IL-33 expression in HT-29 cells (Fig. 5b) . As TNF has been shown to induce production of IL-33 through activation of p38 and ERK pathways in rheumatoid arthritis synovial fibroblasts [31] , we investigated whether HIF-1a induces activation of ERK and p38 upon the stimulation of TNF in IEC. As shown in Fig. 5c , TNF activated ERK and p38 in HT-29 cells. Interestingly, inhibition of HIF-1a dampened TNF-induced ERK and p38 activation. These data suggest that HIF-1a regulates IL-33 expression through activation of ERK and p38. To determine the effects of TNF on IL-33 production in vivo, we assessed IL-33 expression in inflamed colon from patients with active CD after anti-TNF treatment. Consistent with in-vitro data, the expression of IL-33 in colonic tissue of active CD patients was decreased significantly after IFX treatment (Fig. 5d) . The ex-vivo inflamed colonic tissue cultures also demonstrated a decreased IL-33 in anti-TNF (IFX)-treated colonic tissues from both CD and UC patients compared with controls (Fig. 5e,f) . Collectively, these data indicate that TNF promotes the expression of IL-33 in IECs in an HIF-1a-dependent manner.
Discussion
Among multiple mechanisms involved in the pathogenesis of IBD, the inflammatory microenvironment of intestinal . GAPDH was used as a housekeeping gene. *P < 0Á05. (f,g) Freshly isolated colonic biopsies from patients with CD (n 5 10) (f) or ulcerative colitis (UC) (n 5 10) (g) were cultured in the presence of IFX (50 lg/ml) or control human immunoglobulin (HIg, 50 lg/ml) for 24 h. The levels of HIF-1a mRNA were determined by qRT-PCR and normalized to GAPDH. *P < 0Á05. Data are compiled from three independent experiments. (h2j) HT-29 cells were treated with TNF (10 ng/ml), TNF (10 ng/ml) and Bay 11-7082 (1 lM) (h), TNF and SP600125 (10 lM) (i), or TNF and CH-11 (200 ng/ ml) (j) for 24 h, and the levels of HIF-1a mRNA were determined by qRT-PCR. Representative results from three independent experiments are shown. *P < 0Á05.
mucosa is considered to play a pivotal role in the immune regulation of intestinal inflammation. HIF-1a, a key regulator in hypoxia, has been shown to play pleiotrophic roles in the development of intestinal inflammation through maintaining the integrity of IECs and the balance of immune response [32] [33] [34] , and that the inflammatory hypoxia present in inflamed mucosa of IBD leads to the accumulation of HIF-1a in intestinal mucosa [23] . We reported in the current study that the expression of HIF-1a and IL-33 was increased simultaneously in inflamed mucosa of patients with IBD, and that there was a positive relationship between HIF-1a and IL-33. A functional binding site for HIF-1a was identified in the IL-33 promoter region. Moreover, TNF promoted expression of HIF-1a through activating NF-jB signalling and regulating IL-33 expression in an HIF-1a-dependent manner. Therefore, we GAPDH was used as a housekeeping gene. *P < 0Á05. (e,f) Freshly isolated colonic biopsies from patients with CD (n 5 10) (e) or ulcerative colitis (UC) (n 5 10) (f) were incubated in the presence of IFX (50 lg/ml) or control human IgG (HIg, 50 lg/ml) for 24 h. The levels of IL-33 mRNA were analysed by qRT-PCR and normalized to GAPDH. **P < 0Á01; ***P < 0Á001. Data are compiled from three independent experiments.
HIF-1a-dependent IL-33 in mucosal homeostasis demonstrated for the first time that HIF-1a induces the expression of IEC-derived IL-33 to regulate the intestinal homeostasis. Several lines of evidence have implicated that IECderived HIF-1a maintains the integrity of intestinal barrier and that several HIF-1a target genes (e.g. intestinal trefoil factor, CD73, multi-drug resistance gene-1) are involved in the protection of epithelial barrier [35] [36] [37] . In this study, we confirmed first that HIF-1a was over-expressed in inflamed mucosa of patients with IBD and showed that IEC was an important source of HIF-1a (Fig. 1a-f) . Importantly, we also identified a novel target gene (IL-33) of HIF-1a. IL-33 is considered as an alarmin, which can be released by epithelial cells on the condition of injury and functions as a dual-faceted cytokine depending on the environment or the phase of intestinal inflammation. It mediates local inflammatory reactions, including epithelial damage, recruitment of neutrophils and macrophages. Previous studies have demonstrated that IL-33 is increased in the sera [25] and inflamed mucosa of UC patients, and promotes intestinal inflammation by enhancing Th2-associated immune responses [18] . Recently, IL-33 is also found to contribute to wound healing by inducing the restoration of epithelial barrier during the recovery phage of chronic DSS-induced colitis in mice [38] , and regulates intestinal homeostasis through induction of TGF-bmediated T reg differentiation, function and adaptation to inflammatory responses in gut mucosa [19] . A recent study indicates further that IL-33 enhances the transepithelial resistance in T84 colon epithelial cells and decreases the epithelial permeability in wide-type mice compared with ST2 2/2 mice [39] . Therefore, we hypothesized that HIF-1a
regulates the production of IEC-derived IL-33 in response to low oxygen pressure during intestinal inflammation. Indeed, over-expression of HIF-1a in HT-29 cells facilitated IL-33 production (Fig. 3a) . Consistently, silencing of HIF-1a gene expression decreased IL-33 expression (Fig.  3b ). More importantly, we found a functional binding site for HIF-1a in the IL-33 promoter region (Fig. 3c) , thereby confirming IL-33 as a target of intestinal HIF-1 activity through the promotion of the HIF-1a expression. Our data also demonstrate that TNF induced HIF-1a expression through induction of NF-jB activation (Fig. 4) . To determine the role of HIF-1a in TNF-induced IL-33, we stimulated HT-29 cells with TNF and HIF-1a inhibitor and found that inhibition of HIF-1a suppressed the expression of IL-33 in HT-29 cells (Fig. 5a,b) . These data thus supported the notion that local hypoxia or secretion of proinflammatory cytokines triggered by inflammation induces the adaptive response to the body injuries, which was consistent with the previous observation showing that TNF up-regulated the expression of HIF-1a [14] and IL-33 in IECs [25] . Together, we demonstrated that TNF regulates IL-33 through HIF-1a signalling, suggesting that increased mucosal HIF-1a and IL-33 in human IBD and murine colitis could be an important homeostatic response to limit inflammation in gut mucosa.
In summary, our studies demonstrate that HIF-1a plays a critical role in the induction of IL-33 expression and regulates the intestinal immune responses (Fig. 6) . During intestinal inflammation, TNF produced by intestinal mucosal immune cells (e.g. 
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Additional supporting information may be found in the online version of this article at the publisher's web-site. were treated with 2% DSS in drinking water for 7 days, and switched to drinking water for additional 3 days. The control group (n 5 10) was fed with fresh water for 10 days. The changes of the colon length (a) and body weight (b) were measured to assess the severity of colitis. **P < 0Á01 versus wild-type (WT) mice; *P < 0Á05 versus WT mice at the same time-points. 
